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This investication was coniuctod to otudy tho flow rato nocossary 
to meirtain e swoet cooled neval et an equilibrium tenereaturo vio sub- 
jected to a hich cas tov~porature. Tho stucy wos limited to fundamental 
tosts on connor, bronsoe, and ctainloss stcol porous motal snechions wich 
were Gre onl: tyves eveilabie at this tine. Jeter coolinn was used 
throughous tho iirvestication. 

Conclusions of a qualitativo neaturo woro obteined Which show that 
water flow rato is a nprimery faotor in mainteinine sweat cooled rebels at 
equilibriu> temmeraturo, and that mete! thersal conductivity hes birt 
slicht offect. Tho foasibility of the sweat cooling toclmique wes croven 
by the fact tht o weter flo: rate of lo s then 0.1 eo/in? ~ scc ws ro-~ 
quired to satisfactoril:, cool a norous motel surfaco subjoctod to a pnten- 
tial hoat transfor of 1.0 DTU/inZscec. 

[no experinontal invostication was condusted at tho Jet Propulsion 
laboravory of. the California Inetitute of Tocnmolocy from Noreaber, 1345 
to Vay, 194G. Tho authors aro inaebted to ir. Pol tiaveg for his vorfoestion 
and production of tne porous motal soecimons anc for his direction ond 
supervision in the lino of resoarch. Thoy also wish to ac’mavledso tho 
assistance of Yr. Lindsey chooier cr. in the design end dovoloomenc of the 


exporinomcal equipnont end tociniquo. 
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LNTRODUCTION 


the efficiency of jet propulsion powor plantes could be greatly 

improved if the materials used wore ablo to withstand hi:shor gas 
temporatures. Therefore a means of increasing the cllowablo meximm 
tommorature Linit will require development of hisher melting point 
materials or cooling of tho present day materials. Ono method of 
atsack to imorove cooling is the infiltration of a fluid throuch a 
porous motal. This typo of cooling is Imowm as "svoat coolinc". 

The tern "eveat cooling" is applied to the process whereby a 
fluid is pessed throwh a porous notal and forms a protective film of 


diguid or vapor on tho surface exposed to a high gas ager es 


-) 


his died tivo film may be attained by passing eithor gasos or liquids 
throuch tho porous met : in view of tho mmerous oxporimental toch- 
niques of handling different coolants, this invostiration was linited 
to a study of wator cooling only. 

The actual production of porous motalo suitablo for cooling 
purposes is in its infancy, and at the outset of this investigation 


only a Linitod mrwer of notalis had boen successfully produced by 


‘T 


powler motallurry metnods. Tho principles involvod in the “sweat cooling 
of theso motals woro unimowm, but it was believed that tho variables 
were; tho temperature and volocity of tho gas; tho flow rate, temvora- 
turd, Viscosity, heat of vaporisation, and wapor prossure of the coolant; 


the pore sizo, porce:rt porosity, thormeal conductivity, and tanporature 


of the porous motal. 
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Tho purposo of this invostication was to conduct fundanontal 
tests on tho produced specimens. These oxperinmtal tosts woro ro- 
obricte! primarii:: to a correlation of water flow rate and heat trans- 
fer at a constant metal temporaturo. Tho ectual value of heat transfer 
ot the spocitmen could not be measured, therefore potontial hoat trans~ 
for vaines wore obtained in the section immediatoly ahead anil a)jacont 
to the porous moval snocinen. Potential heat transfer of a Liquid 
cooled porous metal is dofined as the heat oe through a solid 


motel oxposed to tho same sas tenverature and velocity. 
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The apparatus used in this invostication consisted of a cylindrical 
chasber made up of &® porous motel tost specinon and a stainloss si;veel 
tube which wes cooled by a wator jeolot. An oxycen-acotyleno Plime with 
c. ternorature of approximately S500°F and with a volooity of about 
300 &¢/sec. vas passed axially throucr the oylindrical chembor. Varia- 
tions in heat transfor valuos woro ogee da by regulation of the oxygen 
end acetylono prossures to the burner, which, in effect, varied tho 
flax texoraturc om velocity. in this »namor heat transfer valuos as 


high og 1.2 BTU/in.? 


- sco wore easily obtainoed.- 

The porous motel spocinens wore supplied in e standard cylincrical 
form hevin; an outside diameter of 1485 in., and inside diameter of 1.05 in., 
with an ovorall leneth of 1.75 in. (See Fig. 1). Tho spocinoms wore 
grooved at both onds to permit sealing in the test chamber by means of 
rubber raskots. They wero vroduced at tho Jot Propulsion Leboretery by 
& porder metallurgy teomique devolonpod by Ur. Pol Duy ce. Threo diffor- 
et types of porous motels were studied, nenely; copper, bronze, and 
staiviess steel. Tho descriptions and snecificrtiions of these se:iples 
aro tabuicted in Tablo I. 

The gpecineon Test Assexbly was constructed of stainloss stec! and 
consisted of three major componenta: 1. svcecimen holder, 2. omerait 


soction, and 3. burner clam. This assombiy is snowm in Fis. 2. The 
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6. 


spoolzon holder consisted of a wator jeolet and peraltted the metel 
ae to bo inserted from the rear anc sealed from the water jeciot 
by moos of rubbor ¢asizots and pormatex. Tho holder was oleimod to the 
extrant soction with an asbestos gasket used as a soal. The entrans 
section was surrounded by a vator jacket from which hoat transfer valuos 
were obtainod. This water jacket was divided into two parts. In order 
to obtain the hoat transfor as close as nosaiblo to the test speoinen, 
tho forward cart of the jacket only was used for the hoat transfer eas- 
urononts. The roar wator jeclot was used solely to provent overheating 
of tno entrant section. The burner olemp held the oxypen-acetylonsc 
burner in plece which pornittod tho flamo to pass axially throush the 
oncrant section and specimen holder. Tho comploto tost assombly vms 
mour-:ed es shown in Pirge 5, 4, and 5. 

Sho pressure erown tho porous spocinen was maintained by a water 
hoad virich could be varied up to a value of anproximtely 15 &. ‘The 
actual veater flow at any heac could be cbsorved by uso of the glass 
rogorvoir and fixed sealo. (Seo Fir. 3). 

Tho water flow throuch the forvard vart of the ontrant soction 
was ;noesarod by a Cochran rloat typo MLowmeter. The water inlot and 
Outlot tommoraturos for this flow wore obteined by use of two thorno- 
couplos mounted in the wator comnoctions to and from the forward vater 
jacket. Those thermocouple loads were comoected with the soloctor 
Owitch. (Seo Pir, 4). 

In order to determine the inside wall tanporature of tho specimen 


4% wee necessary to ingert a thermooownle through the tost samplo fron 
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tho olde. A gaucieoen. ine’, hole tai APilled from ‘ie wetor jiacint side 
of the sapeoimen to within ono-sixteonth inch distui0s fian tho inside 
wall, This holo wes used to acoomiodate a woodon plus containing tho 
tro thermocouple wires. A emall hole was then drilled tho rest ef tho 
way through tho aveoimen to just pomnit the thermocoupnlo bead to oxtend 
flush with the inside surface. Tho swelling of tho weoodam plug in con- 
tacc with the water in tho jacket was found to sea. the taormscoumle in 
placo. Tho thermocouple wiros wore lead out througn e« holo in *:ho 
specimen holder, (Seo Fig. 2), and connected to n seloctor guitch. 

(Fic. 5 and 4). 

| f, teeds and Vorthrun potentionoter todel 0057~-C wag used to obtain 
the tonporature fron the chromolealumel thernoccuples. This instrmersent 


hac a puaranteed orror which was loss than plus or minus .05 millivolts. 








Tho oricinal tost rums wore rmmdo with a rotracted burner which 


1 outside air to exter into the combustion process within the 





adie vater flow at this time was moasured by the pressure crop on 
@~mli water flows woro oxceodincly difficult to maintein constant 





neter ecross a calibrated orifico. It was found that 






the use of either the vertical mercury manomoter or the inclinel tubo 


manonoter. Por this reason tho procedure was altered and the use of a 





seraierb wator hoad was adopted. 


This new mocshod incorporated the uso of a gmali plasn resoervol: 





thet could bo raised or loverod at will anc was somected to tho weter 
jueket «f the snocimon assembly by a rubber hose. The oricine!] otypfen- 
ecocylone burner way also mouitied at Shis tino to exclude atmosrhoric 


Sir Crow cae flene,. This can 





caastens cosbustion process. 

Throucshout the experinont varittion in tro weter flor rate through 
cic porous specimons wero oncomtorax. Theyve variations wero bol ieved 
to be otstributeable to two major soure os. “irct to tho oxpcrimentel pro- 


cedure ond the socom! to tha inhoront characteristics of the porous 


motals. In an endeavor to olin AnATO + ravintions arising from the ameri- 








mental procedure, distillod wator was usoc as the cooling fluid to 
@liminmto deposits is: the pores of tho motal. Another difficulty in 
this Line arose from a soot formation which covered tho porous metal 
surface whon the burnor was initially lishted. This formation was 
comlotoly oliminated by tho uso of a vino insortod axially in tho 
specimen assembly which shiolded the porous netal surface during 

"Mieht off", and wos rencrod as soon as the fleme was properly adjusted. 

The variations of flow rate arising from tho inherent choracter- 
istics of tho porous notval are affected by water viscosity and vapor 
pressure Wiich vary with the porous moval temperature. Great diffMi- 
culty wes oncountored because of improper cooling directly above the 
rubbor caskets on tho specinen. Fornation of ms bubblos occumved in 
this rocion. In ordor to climinate this condition and to keop tho synesi- 
nei ontirely clear of steam and yater vapor on its outer surfaco, a stean 
vert tubo wes finally installed. (See Fig. 2 and 5). 

Ag.the variotions in flow rate wero minimised % was found that 
eatiafactory runs could bo mado and ropoated. Test runs wore made 
holding a constant inside motal surface tenporature with a particular 
flow rate at a constant potential heat transfor. ITleat transfer was 
variod from one run to encenr by changing tho oxygen and acotylone 
pressures at tho burmor. In this manner the correlation of povontial 
heat transfer and water flow rate at a constarrs porous metal spocimen 
tamcrature was possible. The followin, proceduro wes carried out for 
cach test run: 


Ll. Light burner at low oxyren and acetyleno prossuro 
to insuro inmodiato icnition. 
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Remove goot guard as soon as ¢ 0d cxrbu.tion is 
outalned. 


Adjust oxyyon and acotylono progsuro to dosired vali.os. 


Uso a five to ten minuto warm-up period to pormit the 
specinen to reach oquilibrium et the dosired texmorature, 


Malco ganll variations in wator head adjustments to 
malrctein specimen surfece texsmorature constant. Record 
daca over a one inch drop of head in water rosorvoir. 
Take a tiimimm of fivo such readings to insure ogquilibrium. 
Rocord tho foliowing data for oach tost run. 

Qe Tine for one-ineh drop in head, 

be Inside surfaco tomorature of spocinon, 


ce. ater inlot and oubiet teomporaturos, and 


d. veator flow through encrant seotion. 


Tabuler data was recorded as shown in Tablo Ii. 
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f. complote sufmaary of all oaxpertcortai runs is recorded in 
Tables Iti, IV, and V. his owaaary wes obtained fren tho indivicual 
test runs on tho coppor, br’onzo, and ctainloss steol specimens. * 
roprosormcetive camo of sue data is shom in Tablo TI. Tho valuos 
Listed in tho simaory have beon corrected for fleumotvor variations in 
Accordance with tho Plow Moter Corvoetsion hart show in Pig. © DIE 
experimental t@worature valuos wore takon in millivolts by moans of 
@ olvomel<alwacl thomiocounlo and potontionetor, and iero convertal 
into terporature (degrees Pahronhoit) by use of the conversion chart 
in Pipe Te 

Ail the data listed in tho swrmary is plotted in Firs. 3 to 14 
inclusive, end has beon classifiod as to matorial and sepregated as to 
teaporaturo. These plots civo «a fraphical preseivcation of hoat transfor 
vereus wator flow. from tho curves obtained in these fisuros, it ius 
possible to plot teimperaturo corrootion charts for bronze and stainless 
stock in tho rogion of 180°F (Pins. 15 and 16 rosnoctively.). These 
charts pornit tho tost date takon at various temporatures to be corrola~ 
ted by conversion to any cesired termorature. 

Before bocinning a Covatlod discussion of the indivicual svocineas, 
no sooms imporvant to poins out that all sneoinons tested wore anonc the 
early porous sammlos produced at tno Jot Propulsion Laboratory. Visto- 
photosraphs of theso sacylec showed uneven poro eizo and distribution. 


This characteristic feature of the specimens arose fran the use of 
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s:moniun bigarbonate anc :.tal pomer having comparatively largo grain 
size. (500 Teble I). The irregularity of poro distribution and cise 
caused o voiyy notiscoable unevemoss of tho wotted motal surZaco. This 
pionomemn was apparont et lov retos of water flow and tas aoconnanicd 
by temporacure variations over the gurfece of tho test speoinon, At 
Largor wator Clow rates, a uniform surfaco coolant flln wae mainveined 
by the nveopin; notion of the flame on the surplus wetor. Tho uso of 
finor crain sisos has beon sheawa to oliainate the above montioned citfi- 
ultios. Uorevor, tho porfection of this vrocessing teclmniquo was only 
recently accomlished and timo did not vormait an invostigation of ey 
of those novwor spocinons. 
tho copper specimen was the first material upon which runs wore 

made, ond tho najor refinenonts in operating tocimique woro devel oped 
durine this poriod. At thie timo distillod wetor was not boinz used, 
tho necessity of using a soot guard had not boon realized, and tho uso 
of e steam venc tube fran tho wator jaclot had not been devoloped. During 
this poriod runs woro nado holding the wator reservoir in a Tixod position 
Walco: amnoursei to a constars pressure docreaso as tho water lovel in the 
resorvolir roceded. At this timo it was bolieved that oquilibriua condi- 
tions wore boinc closol:;; anproxinated by this credual deoreass in head. 
Ag was foumd in later oxporinmerts, bowovor, such procedure cid not sive 
too satisfactory a picture of tho speciion at oquilibriun since et least 
a Live rimrmve poriod of operation at constant head was nocessary to 


insuro an oquilibriim tcemorature. 
J = 
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The runs mado at docreasing heads, while de nins th point of 
minim prossure permissible to maintain satisfactory cvoling (oritiasl 
point), wore of somali practical use due to the transiont coniition of 
the porous metal tenporature. Tho linitod importance or tnis critical 
valuo is witowbtodly a function of tho non-uniform por: structure, for 
it wns found thet oquidbriwa could not bo maintained exactl:: at the 
eriticnl point. Actually the critical point vas obsorved in tio noifh- 
borhood of 212°R. ,» but oquilibrium coniitions wero nover .celd for a long 
timo intorval with Sonporaturos much in oxcesea of 195°F. “% this lowor 
temperature tho water flow rato wes incroased and a complote flin was 
formed ovor the surface of the porous sxecinen due to tho sweenins action 
of tho flame. The stability of this film could be assurod only wer 
constant wetor flow conditions. This even film made it possiblo to main- 
tain the spocimon ct an equilibriun temoraturo. Tho lino of invostiga- 
tion was, therefore, shifted to a constant spocinen temmoraturo teolmwrique 
as outlined in the discussion of procoduo. 

Only a reletivoly few nunbor of mms of this now type wore mado 
on the copper spooimen duo to tho detorioration oF tho motal caused by 
corrosion and clogging. Yor this reason tio data on the conver spocinen 
is limitod to only a few points anc accounts for the meager eanount of 
date on the cosper specimen as plotted in rig. o. 

{% this tino a bronzo svocinen was comlctod and tosts woro made 
using tho consent spocinen toanorazure tochniaquo throughout. Tlwoo 
inside surface tenporavturos covoring the nost appropriato oporating 


rance (175° to 190°F) were solectod. This rancso of tezporaturo was 











l be of -six.d2 preactioel infttorost. The data taken on the b 





specinon caro smooth conaistent curvos which were duplicatod for lon: 
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on successive days. The small variations 





that wero s%il2 apparont 
@ 
Ging of the porous motal., Fron the curvos obtained, the wsporaturo 


to have arisen from vapor clog~ 








corrootion ohart (Fic. 15) wes construstod vhich nay be used to scban- 
erdise date telson at any equilibriw: tewmoratmuro. 

Durine tho testing of tho bronso notal, a theraocouplo wes 
ingtalled on tho oubser surface of the tost spocimon adjacont to tho 
water jachkot. The rosults skowod a tem-orature gradiont of apprexi- 
matoly SOOF oxistine across the pprous motal wall. This tyne of test 
was corried out for sovornl oxperimontal rums and tho temorature 
difforefce ves of te order Ghotm in Fir. 17. 

& simiicr metizod was usod in tho invostiration of a stainloss 
sceet specinon, from which a corroction chart was formulated in a lie 
wanmer. Stainless steol spocimens aro very cifficult to process and 
the gimterins operation of this csaaple wag carried ous ina slichtly 
oxidigin:: at:tospnrere with resuitiny: formation of chromlua omide. To- 
Sinenents in the nrocossing of stainloss steol aro boing cettainoed; 
hawover fiurthor specinens were not aveilabloe at this tine. Thereroro 


the steinloss stool porous spocimen usod showed 2 creator tendency to 














become clogged duo to tho oresence of small particlos of cxronium 

oxide throughout tho specinen. Tor this reason it is bolioevod that 

the nt data talon at 179°F for this specimen may be only qualitativo. 
The actual value of hoat transfor at tho specimen could not bo 

measured, thoreforo potonvial heat transfer values woro obtained by 

deternining the hoat transfor at the water jackot irmediately ahead bus 

adjecont to the test seotion. This heat transfer was determined by 

measuring the tomperaturo riso end flow rate of the water surrounding 

tho entrant soction. Jloat transfer values were rocorded in DTU /in? «goo 


and wero obtained by uso of tho oquation: 





- a GB e > st £ 5 Aa “ 
- 60 i 
Yhore : 


Q 3 hoat transfer (potential heat transfor) 
67TU/in.2- sec) 


coolent jacket water flow rate (gal /nin) 


£ 


AT = inlot-outlot tommorature difforonce (oF) 


A 


cylindrical surfaco area of ontrant soction 
(in.2) (Section a ~ b, Fig. 2) 


veter flor rato through the porous specimen was determined in 


co/in.?- soc fron the folloving formlas: 


q = fp zAby x (2.54) . 0,0775 


Ag x CO xn t t 
Vhere s 
q © vwator flay rato (cc/in.*- soc) 


co 
ia 


time (min) 
fy @ reservoir cross sootioual area (1.65 in. ©) 


Aly = drop in reservoir hoad {1 in.) 
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A study of tho graphical results sncw cuves of o simtia: tro. for 
all speeimons with slisht variations of slope. the rosulvs invicate 
that a porous stainless svool speciwon ca bo soolod with olicit2y loss 
water flow than for a copper or bronze snooimen. “lovovor, it must ve 
emphasized that the tost snocimons worco not ometly similar in vore cize 
and distribution and no conclusions of a quantitative natuwro sould bo 
mede fron these tocts. Tho anount of vator required for swoat cooling 
appears to be only slightly affocted by the motal conductivity. Tig 
is broucht out by tho similarity of tho curves for stainless steol end 
coppor which havo e variation in thermal oonvcuctivity of appraximmauoly 
thirteen. It is therofore concluded that heat transfor is mainly a 
fimction of weter flow and at most is only slightly affected by the 
thermal conductivity of the metal. 

The results obtained in theso oxporiments are of a qualitativo 
nature. Srmll variations in flow rate woro fowxi to rive large temera- 
ture differences. ‘/s soon as specimons of finer porosity become avail- 
able a much more uniform wetted surfeco can bo obtained. By using a 
finor porosity of this naturo, largfor prossuro heads coulc bo used in 
cooling. It ils felt taut tho uge of hishor prossuroes will minimise tho 
difficulties that eroso from clogginc due to weter vapor. 

In spite of the fact that those resilts aro only qualitativo, thoy 
show definitely that tho "swoat cooling" process is nighly feesible. 
Contirmoed operations wore made with syocimons in contect with a flome 


\hose texporature was of tho order of S500 and the tanporaturos of the 
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mreat cooled mostale could bo malirtainod around 105°P with e relatively 
@all eeount of wator flow. This is slom graprically in Tics. 15 am 


° 
1G whero a potontial heat transfor of 1 PiU /in.®~ cOo was landlos sith 


e wever flow rato of a@pnro:cimatoly 0.1 oc /in. *~s0c. 
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Fro. the rosulte of this investiration, the following conclusions 


0@21 be dram: 


l. 


Ce 


“ 


wo @ 
‘ 


Viater flow rate is a primry factor in maintaininc 
sweat cooled motals at equilibritm ta peraturos. 

The porous motal conductivity has small effect on tho 
potontial heat transfer of a sweat cooled netal. 

Sweat cooled porous notals will withetand cas temora- 
tures two to threo tines largor than tho tenporaturos 
usod in present day turoojot umits. 

f potential heat transfor of 1 BIU/in. “see may bo 
handled by swoat cooling with e water flow rate of 


© 
approximatoly 0.1 ec/in.*= coc. 
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In view of tho results obtained, tho authors submit tho 


following reoormondations: 


Le 


Ze 


That sinilar investisetions be conducted to dywtornine 
tho effect caused by: a) pore size, and b) povoont 
porosity. 

A more detailed analysis of the effects of flame 
volocity and tonporature upon sweat cooling. 

The sealing caskets on tho porous motal specimens 
sould bo placed on tho ends of tho test specimen in 
ordor to olininato steam formation in tho wator jaciioet 


as onoountoered in this study. 
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Copp ec mon 
90° Cooper Vowder of screen agalysis 
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55-6 50-100 10-150 10 - 
aE 6.2 10.2 ine 1.6 


10,. Jmroniu:n Bilearvonate which 421] vassec through a scroea of 


Size oO, 
Motal Compastedat 40,000 1b/in. “ 
Sintered at 13009°F for 2 hours in a lTydroren atmosoh 


Browe »pécimen 


————aa 











90% Copper wad fin Powder in retilo of 9 to 1. 


Jomee> scréen d&atlivais - 


wit 


go ~ GO SO ~ 100 100 - 150 L150 - 200 200 - 32 
OQ Trace Trace a 25.4 














ain sereen analysis 


JD @ GO 6QO - 150 150 = 326 OEO # 








ou 
10). crmonium Bicarbonate same as aoove, 


Metal Compacted at 40,000 ib/in. “ 





OOF 
202 


sw 





re. 
O2u = 
9.8 


Gint:red at 1400°F for 2 hours in ea lydrogen atmosphere. 
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